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SEQUENCE ESTIMATION METHOD AND 
SEQUENCE ESTIMATOR 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a Sequence estimation 

method and a Sequence estimator for estimating a transmit 
ted Signal Sequence at a receiving Side, and more particularly 
to, a Viterbi equalization method or a Viterbi decoding 
method, based on a received signal and characteristic of a 
channel, or a coding rule in a digital data transmission 
System Such as a car cellular telephone. 

2. Description of the Prior Art 
Usually, in a digital data transmission, a transmitted Signal 

from a transmission Side can not be properly received at a 
receiving Side due to a State of the channel or noise, but the 
transmitted Signal is received in a converted form due to the 
state of the channel or the noise. A model for the converted 
Signal on the channel is depicted in FIG. 16. AS depicted in 
FIG. 16, the input signal is delayed on the channel and 
combined with a noise. Accordingly, if the transmitted Signal 
is I, a received signal r is expressed by the following 
formula (1). 

L. (1) 
X. c; it i + Wii 
i=0 

Where, “L” represents a memory length of the channel 
making the transmitted Signal delay, “c” represents a tap 
coefficient and “w” represents a noise component. The tap 
coefficient and the noise component are determined by a 
characteristic of the channel. If the tap coefficient is read as 
a decoding rule, the tap coefficient works as a Viterbi 
decoding. A receiver receives a received Signal r and the 
received signal is estimated by this received signal r and the 
tap coefficient c. A receiver (a sequence estimator) calcu 
lates an estimated value (hereinafter, referred to as "replica”) 
of a received signal by convoluting a candidate of a trans 
mitted Signal and a known tap coefficient as in formula (2). 

ss 

(2) L. 

i=0 

Furthermore, the Sequence estimator calculates an error 
power between an actual received signal and the replica of 
the received signal calculated from formula (2). 

2 2 XEle. I = XIr, -r 
k k 

(3) 

The Sequence estimator Searches a candidate of the trans 
mitted Signal having a Smallest error power calculated from 
formula (3), and estimates it as a transmitted signal. Pro 
cessing of the Sequence estimation is explained when the 
memory length L of the channel is expressed as L=2. FIG. 
17 shows a suitable model of the sequence estimator when 
the memory length L of the channel is 2. The Sequence 
estimator is configured as to reproduce a model Similar to 
that of the channel. An additional device for applying the 
noise is not necessary for this Sequence estimator among the 
channel models of the channel. 

The Sequence estimator includes a memory having a 
memory length the same as that of the channel which 
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2 
receives an estimated value of the transmitted Signal, a 
multiplication device for multiplying the estimated value of 
the transmitted Signal output from the memory by a prede 
termined tap coefficient, a Summing device for calculating a 
replica of a received signal by Summing the multiplied 
values obtained by the multiplication device, a difference 
calculation device for calculating the difference between the 
replica of the received signal output from the Summing 
device and an actual reception Signal, and a Square Summing 
device for Summing the Square values output from the 
difference calculation device. The predetermined tap coef 
ficient Set to the multiplication device is the Same as the tap 
coefficient obtained from a characteristic of the channel. 
A method for a maximum-likelihood detection according 

to Such a Sequence estimator is explained. First, a candidate 
of the transmitted Signal having the transmission Sequence 
length N is received. This candidate of the transmitted Signal 
is input to the memory of the Sequence estimator. The 
multiplication device multiplies each Signal output from the 
memory by tap coefficients C and C. It also multiplies a tap 
coefficient Co. by the input Signal which does not pass 
through the memory. The Summing device obtains a replica 
of the received signal by Summing all values multiplied by 
the multiplication device. The difference calculation device 
obtains the difference between the actual received signal and 
the replica of the received signal obtained from the Summing 
device. 
The Square Summing device Sums the Square of the 

difference value output from the difference calculation 
device. The Square Summing device provides a Sum of the 
difference value by Summing the Sum of the Square of the 
difference between the received signal and the replica of the 
received signal for all Signal Sequences. The number of 
candidates of this transmitted signal is 2' when the length of 
the transmission Sequence is N, and all candidates are 
processed as Stated above. A maximum-likelihood detecting 
device estimates a candidate of the transmitted Signal as a 
transmitted Signal when the Square Sum provided by the 
Square Summing device is Smallest. 

In case of the maximum-likelihood detection, an opera 
tion amount increases in proportion to the exponent of the 
transmission Sequence length N. So the maximum 
likelihood detection using a Viterbi algorithm is adopted. 
The details of the Viterbi algorithm are described in the 
paper “The Viterbialgorithm, G. D. Forney, Jr., Proc. IEEE, 
vol.61, No.3, pp. 268-278, March 1973. In case of the 
channel model of FIG. 18, an error power at a time k can be 
calculated by knowing transmitted data at the time k and 
transmitted data at the preceding time (k-2). The maximum 
likelihood detection using the Viterbialgorithm uses a figure 
showing data transition information (hereinafter, referred to 
as a “trellis diagram”) obtained from the combination of data 
between two times as shown in FIG. 19. 

In this trellis diagram of FIG. 19, the combination of data 
between two times is connected with a line considering the 
following characteristic. The characteristic is expressed as 
follows. For example, if a signal Stored in a memory at 
certain time shows a State "00", the State transits to any one 
of a state “10” or a state "00" at a next time, however, it 
never transits to a state "01" or a state “11”. It is because that 
when a shift resistor of a state “000” is shifted one time, only 
“000” or “100” is provided. Accordingly, upon connecting a 
combination of data between two times with a line, it is 
assumed that the state “00' and the state “10”, and the state 
“00” and the state “00” are connected with lines, respec 
tively. However, the state “00” and the state “01’, and the 
state “00' and the state “11” are not connected with lines, 
respectively. 
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In this way, a trellis diagram is formed considering the 
characteristic of the transition. In FIG. 19, a combination 
connected with a line has a possibility of transition and a 
combination not connected with a line has no possibility of 
transition. A line showing the transition of the State is 
referred to as a branch hereinafter. The trellis diagram has 
Solid lines and dotted lines. The Solid line means that a signal 
0 is input and the State transits, while the dotted line means 
that a signal 1 is input and the State transits. A combination 
of data acroSS three times can be decided by connecting a 
combination of data between two times with a line as shown 
in the trellis diagram of FIG. 19. The error power can be 
obtained using Such a trellis diagram. 

Processing of a Viterbi algorithm using Such a trellis 
diagram is explained in detail. When the memory length of 
the channel is L, the number of states is expressed as 2. In 
other words, the number of States increases in proportion to 
exponent of the memory length L of the channel. An 
operation amount increases corresponding to the number of 
states. While the sequence estimator of FIG. 16 searches 
candidates for all Signals, the Viterbialgorithm can decrease 
the number of processing StepS for Searching them. FIG. 20 
shows a process of the Viterbi algorithm at each time. 
Hereinafter, a state XX of time k is described as “sk, X X", 
and a route which has a State X X at time k and transits to 
a state # is expressed as “sk, X X/Sk, #. 

(1) A Square error for each branch (a line Segment of FIG. 
19) is calculated. This square error for each branch is 
referred to as a branch metric. For example, a branch 
connecting a state S0, 00 and a state S100 means that 
data across three times are 000. Respective data are 
multiplied by a tap coefficient, and a difference between the 
multiplied result and the actual received signal is calculated, 
and the differential result is Squared to calculate a Square 
error. In this way, the Square errors are calculated for all 
branches. 

(2) A path for reaching a state at a certain time ("00", 
“10”, “01” and “11” of FIG. 19) is extracted. A path-metric 
is calculated by accumulating the branch metrics of the 
branches constructing the extracted paths. The path-metric is 
calculated for all paths of all States. For example, there are 
two paths reaching a state S 2,00), namely a path S0,00/S 
1,00/s 2,00and a path S 0,11/s 1,01/s 2,00). The 
path-metric is calculated for these two paths. 

(3) Path-metrics of a plurality of paths which are extracted 
for each State are compared to each other. This comparison 
is carried out for all States. 

(4) As a result of the comparison, a path having the 
Smallest path-metric is Stored as a most reliable path and the 
Smallest path-metric is also stored for every each State. As a 
result of the comparison, the path having the Smallest 
path-metric is called “survivor” and the path-metric of the 
survivor is called “survivor-metric'. For example, a path 
metric of a paths 0.00/s 1,00/s 2,00) is compared with 
a path-metric of a paths 0,11/s 1,01/s 2,00), both of 
which reach the states 2,00), a smaller path becomes the 
Survivor. 

(5) In the Viterbi algorithm, one survivor is finally 
Selected among a plurality of paths reaching a certain State. 

It is the Viterbi algorithm that caries out the above 
processes for each time. FIG. 21 shows a result from 
carrying out the Viterbialgorithm using the trellis of FIG. 
19, and which shows the Survivor which is finally obtained. 
A path having the Smallest path-metric is Selected as a final 
path among the Survivors at a final time when the above 
processing is carried out for one frame. In FIG. 21, a path 
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4 
illustrated with a bold Solid line and a bold dotted line is the 
final path. A Signal Sequence obtained from the final path is 
estimated as a transmitted Signal. 
The maximum-likelihood detection using this Viterbi 

algorithm is called “Maximum-Likelihood Sequence Esti 
mation (MLSE)” which is stated in the paper “Maximum 
likelihood Sequence estimation of digital Sequence in the 
presence of intersymbol interference”, G. D. Forney, Jr., 
IEEE Trans. Inform. Theory, vol.IT-18, No.3, pp. 363-378, 
May 1972. In this MLSE, if the memory length of the 
channel is L., the number of states of the Viterbialgorithm is 
2. In this way, the MLSE is a technique for deciding a value 
of a channel memory uniquely from the branch showing the 
state transition. FIG.22 shows a model of a channel at L=5. 
When the MLSE is applied to this model, the number of 
states is 2, namely 32. 

Although the above MLSE can decrease the number of 
processing Steps compared with the maximum-likelihood 
detection apparatus of FIG. 16, the number of states 
increases exponentially according to the memory length L of 
the channel, So the number of processing is still enormous. 
A technique for solving this problem is called “Delayed 
decision-Feedback Sequence Estimation (DFSE)” which is 
described in a paper “Delayed decision-feedback Sequence 
estimation', A. Duel-Hallen et al., IEEE Trans. Commun., 
Vol. COM-37, 5, pp. 428-436, May 1989. The technique 
DFSE changes a part of the processing of the above men 
tioned MLSE. 

An operation difference between the DFSE and the MLSE 
is briefly explained using FIG. 23. Since the number of 
channel memories of FIG. 23 equals five, the states have to 
be formed by the five memories to use all candidates. In this 
case, the number of states is 32 in the MLSE. Although a 
channel memory is 5 in DFSE, two memories are considered 
to make States. If States are formed from two memories, 
however, data for three symbols in the latter half are 
insufficient to use the memory of the channel. Therefore, the 
value obtained from the Survivor is used as data for three 
symbols in the latter half of the Survivor using the Survivors 
connected to the State at the time (k-1). Applying Such 
DFSE can reduce the number of states from 32 to 4. 
A list output Viterbialgorithm which is an expansion of 

the Viterbialgorithm is described in a paper “A list-type 
reduced-constraint generalization of the Viterbialgorithm', 
T. Hashimoto, IEEE Trans. Inform. Theory, vol. IT-33, 6, pp. 
866-876, November. 1987. The list output Viterbialgorithm 
generalizes the Viterbialgorithm as follows: 

a memory length of the Viterbialgorithm is set shorter 
than the constraint length L of the channel or the code, 
and 

the number of the Survivors which is connected to each 
State is generalized to S instead of one. 

The former generalization is the same concept as that of 
DFSE. On the other hand, in the latter generalization, 
assuming two value transmission, S paths with the highest 
likelihood are Selected among 2S entry paths. In this way, 
Since this algorithm prepares the list based on the metric for 
each State, it is called a list output Viterbialgorithm instead 
of a general Viterbialgorithm. 
The operation of the list output Viterbi algorithm is 

depicted in FIG. 24 when the number of states is four and the 
number S of Survivors is two. Solid lines express Survivors 
having the highest likelihood in each State and dotted lines 
describe Survivors having the Second higher likelihood in 
each State. In each State, two Survivors are Stored. For 
example, in a State "00" at time k, there are transitions from 
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a state "00" and a state “01” at time (k-1). In a state “00” 
at time (k-1), there are two kinds of Survivors from a state 
“00” and a state “01” at time (k-2). Similarly, in a state “01” 
at time (k-1), there are two kinds of Survivors from a state 
“10” and a state “11” at time (k-2). 

In a state “00” at time k, a path-metric is calculated for the 
above four paths and two higher paths among them are 
regarded as Survivors. The Survivors do not always Selected 
from a state “00” at time (k-1) and other from a state “01” 
at time (k-1). There is a possibility that both paths are 
selected from a state “00” at a time (k-1) as shown both in 
the Solid and dotted lines. In this case, States of these two 
Survivors at time (k-1) are the same, but States at time (k-2) 
are different. Such flexibility is a specific feature of the list 
output Viterbialgorithm. To Select two paths among four 
paths, it is necessary to arrange the paths in the order of 
path-metrics. In other words, Sorting is necessary. Generally, 
a large operation amount is necessary for Sorting, and a long 
processing time is necessary even if the algorithm is realized 
by a circuit. 

FIG. 25 is a block diagram showing a comparison/ 
Selection processing in the ordinary Viterbialgorithm. The 
block diagram of FIG. 25 includes survivor input terminals 
33, path-metric input terminals 34, a Survivor output termi 
nal 35, a path-metric output terminal 36, a selector B 39-2 
and a comparator 100. The comparator 100 outputs the 
Selection information to compare the values of two path 
metrics and select a smaller one. The selector B 39-2 selects 
one of the two survivors and two path-metrics based on the 
above Selection information. 

FIG. 26 is a block diagram showing a comparison/ 
Selection processing in the list output Viterbialgorithm. In 
this block diagram, it is assumed that the list output Viterbi 
algorithm is a model of S=4 which means four path-metrics 
are Selected from the eight path-metrics. The block diagram 
of FIG. 26 includes survivor input terminals 33, path-metric 
input terminals 34, Survivor output terminals 35, path-metric 
output terminals 36, a selector A39-1 and a sorting com 
parator 101. The sorting comparator 101 compares the eight 
path-metrics, arranges the results in an ascending order from 
a Smallest one, and outputs the Selection information which 
selects four smaller ones. The selector A39-1 selects respec 
tive four Survivors from eight Survivors and eight path 
metrics based on the above Selection information. 

FIG. 27 is a detailed construction of the Sorting compara 
tor 101 of FIG. 26. The block diagram of FIG. 27 includes 
a Selection information output terminal 42, path-metric input 
terminals 104 and an 8/1 comparator 106-1. The 8/1 com 
parator 106-1 Selects the Smallest path-metric among eight 
path-metrics, and outputs an address for identifying this 
path-metric used for the selection information. Next, an 8/1 
comparator 106-2 Selects the Second Smaller path-metric 
among eight path-metrics. The 8/1 comparator 106-3 and an 
8/1 comparator 106-4 operates in the same manner. 

FIG. 28 is a detailed construction of the 8/1 comparator 
106 of FIG. 27. The block diagram of FIG. 28 includes 2/1 
comparators 40, a compulsory maximum value insertion 
circuit 102, compulsory maximum value insertion indicating 
input terminals 103, path-metric input terminals 104 and a 
path-metric selection information output terminal 105. The 
compulsory maximum value insertion circuit 102 receives 
the compulsory maximum value insertion indication Signal 
and forcibly inserts the maximum value into a specific 
terminal of the path-metric. Then, the 2/1 comparators 40 
Searches the Smallest path-metric by a tournament System 
and outputs the path-metric Selection information. 

In case that a Sorting from 2S to S is carried out under the 
survivor number is S, the total number of the 2/1 compara 
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6 
tors is (2S-) and the number of the maximum stages of the 
2/1 comparator is (log S--1)S. In other words, according to 
the increase of S, a circuit Scale increases in proportion to 
2S and a delay time increases in proportion to S log. S. 
Usually, a branch of Square Euclidean distance expressed in 
the formula (3) is used for a metric value of the Viterbi 
algorithm. If a branch metric is T at time k, formula (4) is 
obtained. 

2 (4) 

T = |r - r = k -Xcil 
L. 

=0 

On the other hand, the following branch metric shown by 
formula (5) is Suggested by the paper “Adaptive maximum 
likelihood receiver for carrier-modulated data-transmission 
systems”, G. Ungerboeck, IEEE Trans. Commun., 
Vol.COM-22, No.5, pp. 624–636 May 1974. 

2-lit- (5) 

In the above, * denotes complex conjugation and y and 
X, are defined as follows in the formulas (6) and (7), 
respectively. 

(6) 

(7) 

y is equivalent to a matching filter output and X is 
equivalent to an auto-correlation of the characteristic of the 
channel. 
A Square metric and a modified metric are equal if the 

perfect Viterbialgorithm (MLSE) is used. But if DFSE is 
used, their bit error rates (BER) are different. FIG. 29 shows 
BER characteristic when the tap coefficient of the charac 
teristic of the channel is 1, 2, 0, 0, 0, 4, and the memory 
length L of the channel is five. FIG. 30 shows BER char 
acteristic when the tap coefficient of the characteristic of the 
channel is 1, 0, 1, 0, 1, 0, and the memory length L of the 
channel is five. In FIG. 29 and in FIG. 30, Sqr. indicates a 
Square metric and Mod. indicates a modified metric. Upon 
using DFSE, the most suitable metric is decided between the 
Square metric and the modified metric according to the 
characteristic of the channel. In FIG. 30, the BER of the 
modified metric greatly deteriorates. 

In a conventional Sequence estimation method, there is a 
problem that a circuit Scale increases in proportion to a 
power of the memory length of the channel according to the 
increase of the number of States, if MLSE is used in the 
channel having a long delay time. If the list output Viterbi 
algorithm is used and the number of the survivors S is more 
than two, a Sorting processing is needed. Therefore, there 
occurs another problem that the circuit Scale increases and 
the operational Speed becomes slow Since the processing 
Volume increases according to the increase of elements of 
the Sorting object. 

Further, if the modified metric is used for calculating the 
branch metric, there is a problem that the characteristic 
remarkably deteriorates in the channel having a large time 
dispersion of an auto-correlation of the channel impulse 
response (CIR). If the Square metric is used for calculating 
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the branch metric, there is a problem that the characteristic 
remarkably deteriorates in the channel having a large time 
dispersion of a tap power of a channel impulse response 
(CIR). 

SUMMARY OF THE INVENTION 

It is an object of the present invention to increase the 
operation Speed under the minimum circuit Scale in the 
channel having a long delay time, and to provide a sequence 
estimation method and a Sequence estimator which can 
improve the characteristic thereof. 

It is another object of the present invention not to largely 
degrade the estimated characteristic by the transmission 
characteristic, and to improve the estimated characteristic 
rather than when the metric is fixed to any one of the metrics. 

It is a further object of the present invention to improve 
the estimated characteristic rather than when the metric is 
fixed to any one of the Square metric or the modified metric. 

It is a still further object of the present invention to Surely 
Select the metric in response to the transmission character 
istic. 

According to one aspect of the invention, a Sequence 
estimation method for estimating a transmitted Signal 
Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States includes a plurality of metric calculation 
StepS. 

According to another aspect of the invention, a Sequence 
estimation method for estimating a transmitted Signal 
Sequence transmitted from a transmission side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States includes a plurality of metric calculation 
Steps, and a metric Selection Step for Selecting a metric 
calculated by the plurality of metric calculation Steps. 

According to other aspect of the invention, a Sequence 
estimation method for estimating a transmitted Signal 
Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States includes a plurality of metric calculation 
Steps, and a metric combining Step for weighted-Summing 
metrics calculated by the plurality of metric calculation 
StepS. 

According to another aspect of the invention, a Sequence 
estimation method for estimating a transmitted Signal 
Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States includes a first metric calculation Step for 
calculating a metric using the received Signal and its esti 
mated value; a Second metric calculation Step for calculating 
a metric using a filtering result obtained via a matching filter; 
and a metric combining Step for weighted-Summing metrics 
calculated by the first and the Second metric calculation 
StepS based on a characteristic of the channel. 

According to further aspect of the invention, a Sequence 
estimation method for estimating a transmitted Signal 
Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
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8 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States comprises the Steps of a first metric calcula 
tion Step for calculating a metric using the received signal 
and its estimated value a Second metric calculation Step for 
calculating a metric using a filtering result obtained via a 
matching filter; and a metric Selection Step for Selecting a 
metric calculated by the first and the Second metric calcu 
lation Steps based on a characteristic of the channel. 

According to another aspect of the invention, in the 
Sequence estimation method, the first metric calculation Step 
calculates a Square metric and the Second metric calculation 
Step calculates a modified metric. 

According to further aspect of the invention, the metric 
Selection Step estimates a characteristic of the channel by an 
impulse response of the channel, calculates and compares a 
residual interSymbol interference power and a residual cor 
relation power, and Selects a metric calculated by the Second 
metric calculation Step if its residual interSymbol interfer 
ence power is higher, and Selects a metric Selected by the 
first metric calculation Step if its residual correlation power 
is higher. 

According to further aspect of the invention, a Sequence 
estimation method for estimating a transmitted Signal 
Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States, includes a Selection processing Step for 
Selecting higher order S Survivors instead of Sorting in the 
order of metrics and decreasing the number of bits of a 
metric by conversion upon Selecting S Survivors according 
to a metric value. 

According to further aspect of the invention, a Sequence 
estimation method for estimating a transmitted Signal 
Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States, includes the Steps of, a first comparison Step 
for dividing 2'' (U is an integer larger than 2) inputs into 
higher 2° and lower 2° according to a predetermined 
Selection order and outputs the higher Selection output, a 
second comparison steps for dividing 2'' (U is an integer 
larger than 2) inputs into higher 2° and lower 2° 
according to a predetermined Selection order and outputs the 
lower Selection output, a third comparison Step for receiving 
the higher Selection output of the first comparison Step and 
the lower Selection output of the Second comparison Step, 
and dividing 2 inputs into higher 2° and lower 2° 
according to the Selection order and output a higher Selection 
output and a lower Selection output, and a fourth comparison 
Step for receiving the lower Selection output of the first 
comparison Step and the higher Selection output of the 
second comparison step, and dividing 2 inputs into 
higher 2° and lower 2° according to the selection order 
and outputs a higher Selection output and a lower Selection 
output, wherein the method compares 2 input information 
of Survivors and/or of path-metrics in the first and the Second 
comparison steps as 2'' first input information and 2' 
second input information, respectively, and selects 2' 
survivors and/or 2' path-metrics from the third and the 
fourth comparison Steps, respectively, as a higher order 
Selection outputs according to a predetermined Selection 
order. 

According to further aspect of the invention, a Sequence 
estimation apparatus for estimating a transmitted Signal 
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Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States includes a plurality of metric calculators. 

According to further aspect of the invention, a Sequence 
estimation apparatus for estimating a transmitted Signal 
Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States includes a plurality of metric calculators, and 
a metric Selector for Selecting one of metrics calculated by 
the plurality of metric calculators. 

According to further aspect of the invention, a Sequence 
estimation apparatus for estimating a transmitted Signal 
Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States includes a plurality of metric calculators, and 
a metric combinor for weighted-Summing metrics calculated 
by the plurality of metric calculators. 

According to further aspect of the invention, a Sequence 
estimation apparatus for estimating a transmitted Signal 
Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States includes a first metric calculator for calcu 
lating a metric using the received Signal and its estimated 
value; a Second metric calculator for calculating a metric 
using a filtering result obtained via a matching filter, and a 
metric combinor for weighted-Summing metricS calculated 
by the first and the Second metric calculators based on a 
characteristic of the channel. 

According to further aspect of the invention, a Sequence 
estimation apparatus for estimating a transmitted Signal 
Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States, includes first metric calculator for calculating 
a metric using the received signal and its estimated value, 
Second metric calculator for calculating a metric using a 
filtering result obtained via a matching filter, and metric 
Selector for Selecting a metric calculated by the first and the 
Second metric calculator based on a characteristic of the 
channel. 

According to further aspect of the invention, in the 
Sequence estimation apparatus, the first metric calculator 
calculates a Square metric and the Second metric calculator 
calculates a modified metric. 

According to further aspect of the invention, the metric 
Selector includes residual interSymbol interference power 
calculator for calculating a residual interSymbol interference 
power and residual correlation power calculator for calcu 
lating a residual correlation power, wherein the metric 
Selector estimates a characteristic of the channel by an 
impulse response of the channel, and Selects a metric cal 
culated by the Second metric calculator if the residual 
interSymbol interference power is higher, and Selects a 
metric selected by the first metric calculator if the residual 
correlation power is higher. 

According to further aspect of the invention, a Sequence 
estimation apparatus for estimating a transmitted Signal 
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Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more States, includes Selection processor for Selecting S 
Survivors by a metric value, Selector for Selecting higher 
order S Survivors instead of Sorting in order of metricS and 
bit number convertor for decreasing the number of bits of a 
metric by conversion. 

According to further aspect of the invention, a Sequence 
estimation apparatus for estimating a transmitted Signal 
Sequence transmitted from a transmission Side based on a 
characteristic of a received signal and a channel using a list 
output Viterbi algorithm to decide one or a plurality of 
Survivors for each State of a Viterbialgorithm including one 
or more states, includes first comparator for dividing 2'' 
(U is an integer larger than 2) inputs into higher 2° and 
lower 2 according to a predetermined selection order and 
outputs the higher Selection output, Second comparator for 
dividing 2'' (U is an integer larger than 2) inputs into 
higher 2° and lower 2° according to a predetermined 
Selection order and outputs the lower Selection output, third 
comparator for receiving the higher Selection output of the 
first comparator and the lower Selection output of the Second 
comparator, and dividing 2'' inputs into higher 2° and 
lower 2° according to the selection order and output a 
higher Selection output and a lower Selection output, and 
fourth comparator for receiving the lower Selection output of 
the first comparator and the higher Selection output of the 
second comparator, and dividing 2' inputs into higher 
2° and lower 2 according to the selection order and 
outputs a higher Selection output and a lower Selection 
output, wherein the apparatus compares 2 input informa 
tion of Survivors and/or of path-metrics in the first and the 
second comparator as 2'' first input information and 2' 
second input information, respectively, and selects 2' 
survivors and/or 2' path-metrics from the third and the 
fourth comparator, respectively, as a higher order Selection 
outputs according to a predetermined Selection order. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further scope of applicability of the present invention will 
become apparent from the detailed description given here 
inafter. However, it should be understood that the detailed 
description and Specific examples, while indicating pre 
ferred embodiments of the invention, are given by way of 
illustration only, Since various changes and modifications 
within the spirit and scope of the invention will become 
apparent to those skilled in the art from this detailed descrip 
tion. 

FIG. 1 is a block diagram showing a position of a Viterbi 
equalizer in a receiver of the present invention. 

FIG. 2 is a block diagram showing the Viterbi equalizer in 
the receiver of FIG. 1. 

FIG. 3 is a block diagram showing a branch metric 
generator of FIG. 2 of the first embodiment of the present 
invention. 

FIG. 4 is a block diagram showing a branch metric 
Selection signal forming circuit in the branch metric gen 
erator of FIG. 3. 

FIG. 5 is a block diagram showing a Selecting-type branch 
metric forming circuit in the branch metric generator of FIG. 
3. 

FIG. 6 shows characteristics of a bit error rate (BER) 
characteristic of six waves each having an equal power 
under the Rayleigh fading by the Sequence estimation 
method of the first embodiment of the present invention. 
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FIG. 7 is a block diagram showing a branch metric 
generator of FIG. 2 of a second embodiment of the present 
invention. 

FIG. 8 is a block diagram showing a combining-type 
branch metric forming circuit of FIG. 7. 

FIG. 9 is a block diagram showing a comparison/Selection 
processor of FIG. 2 of a third embodiment of the present 
invention. 

FIG. 10 is a block diagram showing a comparator/Selector 
in the comparison/selection processor of FIG. 9. 

FIG. 11 is a block diagram showing a simplified com 
parator (4/2) in the comparator/selector of FIG. 10. 

FIG. 12 is a block diagram showing a simplified com 
parator (8/4) in the comparator/selector of FIG. 10. 

FIG. 13 shows characteristics of a bit error rate (BER) 
characteristic of six waves each having an equal power 
under the Rayleigh fading by a Sequence estimation method 
of the Second embodiment of the present invention. 

FIG. 14 is a block diagram showing a simplified com 
parator of the fourth embodiment of the present invention. 

FIG. 15 is a block diagram showing a bitonic Sequence 
generator in the simplified comparator of FIG. 14. 

FIG. 16 is a general diagram to explain a model showing 
a conversion of a Signal on the channel. 

FIG. 17 is a general diagram to explain a model of a 
Sequence estimator which is most Suitable for a case that a 
memory length L of a channel is two. 

FIG. 18 is a general diagram to explain a model of the 
channel for calculating an error power at a current time k, 
according to transmitted data during two preceding time 
(k-2) and the current time k. 

FIG. 19 is a trellis diagram showing a data transition 
information according to a combination of across the two 
times. 

FIG. 20 is a flowchart showing a processing Sequence at 
each time of a Viterbialgorithm. 

FIG. 21 is a general diagram showing the result for 
carrying out the Viterbialgorithm using the trellis diagram 
of FIG. 19. 

FIG. 22 is a general diagram Showing a model of the 
channel when the memory length L of the channel is five. 

FIG. 23 is a general diagram to explain a difference 
between the operation of DFSE and that of MLSE. 

FIG. 24 is a general diagram to explain the operation of 
a list output Viterbialgorithm when a state number is four 
and the number of Survivors is two. 

FIG. 25 is a block diagram showing a comparison/ 
Selection processing for realizing an ordinary Viterbialgo 
rithm. 

FIG. 26 is a block diagram showing a comparison/ 
Selection processing in the list output Viterbialgorithm. 

FIG. 27 is a block diagram showing a Sorting comparator 
in the comparison/Selection processing of FIG. 26. 

FIG. 28 is a block diagram showing an 8/1 comparator in 
the sorting comparator of FIG. 27. 

FIG. 29 shows BER characteristics when the tap coeffi 
cients is 1, 2, 0, 0, 0, 4 and the memory length L of the 
channel is five. 

FIG. 30 shows BER characteristics when the tap coeffi 
cients of 1, 0, 1, 0, 1, 0 and the memory length L of the 
channel is five. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 1 shows a Viterbi equalizer in a receiver which uses 
the Viterbi algorithm. The Viterbi equalizer of FIG. 1 

15 

25 

35 

40 

45 

50 

55 

60 

65 

12 
includes antennas 1, quasi-coherent detectors 2, an adaptive 
Viterbi equalizer 3, a timing estimator 4, and a decision 
output terminal 5. In the Viterbi equalizer of FIG. 1, a 
transmitted Signal is input from the antenna via the channel, 
is Semi-synchronously detected and becomes a base band 
reception signal. The timing estimator 4 receives this 
received signal to reproduce a timing Signal. The adaptive 
Viterbi equalizer 3 receives the received signal and the 
timing Signal and output an estimation value of transmitted 
data (a decision). 

FIG. 2 shows an adaptive Viterbi equalizer 3 of FIG. 1 in 
more detail. The adaptive Viterbi equalizer 3 of FIG. 2 
includes a decision output terminal 5, a branch metric 
generator 6, a path-metric generator 7, a comparison/ 
Selection processor 8, a path-metric memory 9, a Survivor 
memory 10, a decision generator 11, a channel characteristic 
estimating device 12, a training table 13 and received signal 
input terminals 14. The branch metric generator 6 receives 
the received signal from the quasi-coherent detectorS 2, a 
channel characteristic from the channel characteristic esti 
mating device 12 and a Survivor from the Survivor memory 
10 and forms a branch metric. The path-metric generator 7 
receives the branch metric and a path-metric input from the 
path-metric memory 9 and forms a path-metric. 
The comparison/Selection processor 8 receives the path 

metric formed by the path-metric generator 7 for carrying 
out comparison/Selection processing, and outputs a path 
metric and a survivor to the path-metric memory 9 and the 
survivor memory 10 in response to the selection informa 
tion. The decision generator 11 receives the path-metric 
from the path memory after comparison/Selection process 
ing and outputs a decision. The channel characteristic esti 
mating device 12 estimates a channel characteristic from the 
received signal and a decision from the decision generator 
11 or data input from the training table 13. The channel 
estimation method is described in detail, for example, in the 
paper “An adaptive maximum-likelihood Sequence estima 
tor for fast time-varying interSymbol interference channels', 
H. Kubo et al., IEEE Trans. Commun., Vol. COM-42, No. 
2/3/4, pp. 1872–1880, February/March/April, 1994. 

Embodiment 1 

FIG.3 shows a detailed construction of the branch metric 
generator 6 of FIG. 2. The branch metric generator of FIG. 
3 includes received signal input terminals 14, a channel 
characteristic input terminal 15, branch metric output ter 
minals 16, a Selecting-type branch metric forming circuit 17 
and a branch metric Selection Signal forming circuit 18. The 
Selecting-type branch metric forming circuit 17 Switches a 
branch metric forming reference to a Square metric and a 
modified metric according to a metric Selection signal from 
the branch metric Selection Signal forming circuit 18. 

FIG. 4 shows a detailed construction of the branch metric 
selection signal forming circuit 18 of FIG. 3. The branch 
metric selection signal forming circuit 18 of FIG. 4 includes 
a channel characteristic input terminal 15, a residual ISI 
power calculation circuit 19, a residual correlation power 
calculation circuit 20, a power comparator 21 and a Selection 
Signal input/output terminal 22. ASSuming that the memory 
length of the channel is L and the memory length of the 
trellis of the Viterbialgorithm is V, the residual ISI power 
calculation circuit 19 calculates a power PA as formula (8). 
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(8) 

The residual correlation power calculation circuit 20 
calculates a power PB in a similar way using formula (9). 

y (9) 
PB = 2 X. Rex 

s= + 

In formula (9), X, is a value defined in formula (7). The 
power comparator 21 compares PA and PB, and outputs a 
Selection signal for Selecting the modified metric if PA is 
larger, a Signal for Selecting the Square metric if PB is larger. 

FIG. 5 shows a detailed construction of the selecting-type 
branch metric forming circuit 17 of FIG. 3. The selecting 
type branch metric forming circuit 17 of FIG. 5 includes a 
received signal input terminal 14, a channel characteristic 
input terminal 15, a Selection signal input/output terminal 
22, a matching filter 23, a channel characteristic correlator 
24, a replica table B 25, a replica table A26, N branch metric 
calculators B 27, N branch metric calculators. A 28, branch 
metric Selection circuits 29, N data candidate value input 
terminals 30 where the data is decided by the trellis and the 
survivor, and N branch metric output terminals 31, where, N 
represents a total number of branch metrics. 

The matching filter 23 carries out matching filtering of the 
received signal according to the channel characteristic. The 
channel characteristic correlator 24 receives the channel 
characteristic and outputs a correlation value thereof. The 
replica table B 25 forms a replica table used for the modified 
metric. The replica table A26 forms a replica table used for 
the Square metric. The respective branch metric calculator B 
27 receives an output from the matching filter 23, a value 
from the replica table B 25 and a data candidate value 
decided by the trellis and the Survivor path, and calculates a 
modified metric. The respective branch metric calculator A 
28 receives a receiving Signal, a value from the replica table 
A26 and the data candidate value decided by the trellis and 
the Survivor path, and calculates a Square metric. The 
respective branch metric Selection circuit 29 Selects one of 
the outputs from the corresponding branch metric calculator 
B 27 and the corresponding branch metric calculator A28 
and outputs one of them to the respective branch metric 
output terminals 31 according to the Selection information. 

FIG. 6 shows a bit error rate (BER) characteristic of six 
waves each having an equal power under the Rayleigh 
fading. In FIG. 6, MLSE means a case when a memory 
length V of a trellis in Viterbi Algorithm is five, DFSE means 
a case when the memory length V is one, Sqr. means a case 
when a Square metric is used, Mod. means a case when a 
modified metric is used, Sel. means a case when this 
invention is used, and Opt. means a case when less errors for 
every slot in Sqr. or Mod. is selected. Sqr. and Mod. 
corresponds to a conventional example and Opt. corre 
sponds to a limit value. FIG. 6 shows that this invention can 
realize a more favorable BER characteristic than the con 
ventional example. 

Embodiment 2 

FIG. 7 shows a combining-type branch metric generator 
in the Second embodiment of the present invention, which is 
included in the branch metric generator 6 in FIG. 2. In FIG. 
7, the combining-type branch metric generator 17-2 com 
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14 
prises a received signal input terminal 14, a channel char 
acteristic input terminal 15, a branch metric output terminal 
16. The combining-type branch metric generator 17-2 gen 
erates a Square metric and the modified type metric and 
outputs a branch metric by weighted-Summing the two 
values of the Square metric and the modified type metric. 

FIG. 8 shows a detailed construction of the combining 
type branch metric forming circuit 17-2 of FIG. 7. The 
combining-type branch metric forming circuit 17-2 of FIG. 
8 includes a received signal input terminal 14, a channel 
characteristic input terminal 15, a matching filter 23, a 
channel characteristic correlator 24, a replica table B 25, a 
replica table A 26, N branch metric calculators B 27 (27 
1-27-3), N branch metric calculators. A 28 (28-1-28-3), 
branch metric combining circuits 71 (71-1-71-3), N data 
candidate value input terminals 30 where the data is decided 
by the trellis and the Survivor, and N branch metric output 
terminals 31 (31-1-31-3), where, N represents a total num 
ber of branch metrics. 

The matching filter 23 carries out matching filtering of the 
received signal according to the channel characteristic. The 
channel characteristic correlator 24 receives the channel 
characteristic and outputs a correlation value thereof. The 
replica table B 25 forms a replica table used for the modified 
metric. The replica table A26 forms a replica table used for 
the Square metric. The respective branch metric calculator B 
27 receives an output from the matching filter 23, a value 
from the replica table B 25 and a data candidate value 
decided by the trellis and the Survivor path, and calculates a 
modified metric. The respective branch metric calculator A 
28 receives a receiving Signal, a value from the replica table 
A26 and the data candidate value decided by the trellis and 
the Survivor path, and calculates a Square metric. The 
respective branch metric combining circuits 71 weighted 
combine the outputs from the corresponding branch metric 
calculators B 27 and the corresponding branch metric cal 
culators A28 and output the results to the respective branch 
metric output terminals 31. 

Embodiment 3 

FIG. 9 shows a detailed construction of the comparison/ 
selection processor 8 of FIG. 2. The comparison/Selection 
processor 8 of FIG. 9 includes M comparator/selectors 32, 
survivor input terminals 33, M path-metric input terminals 
34, M survivor output terminals 35 and M path-metric 
output terminals 36. Where, M is the number of states. In 
FIG. 9, the operation to select four candidates from eight 
candidates for each State is explained. The comparator/ 
Selector 32 receives eight candidates for Survivors and eight 
path-metricS and outputs Survivors and path-metricS corre 
sponding to four higher order metrics. 

FIG. 10 shows a detailed construction of the comparator/ 
selector 32 of FIG. 9. The comparator/selector 32 of FIG. 10 
includes Survivor input terminals 33, path-metric input ter 
minals 34, Survivor output terminals 35, path-metric output 
terminals 36, a metric convertor 37, a simplified comparator 
38 and a selector A39-1. The metric convertor 37 receives 
eight path-metrics and carries out the metric conversion for 
each path-metric. For example, this metric conversion is 
explained in detail in a paper “A characteristic of a Viterbi 
decoder in which the number of bits of a path-metric is 
reduced” (by Makoto Miyake et al., Technical report (B), 
The Institute of Electronics, Information and Communica 
tion Engineers, vol. J71-B, 4, pp. 555-562, April 1988. 
Other than the above method, for example, assuming a 
path-metric is H, the metric conversion can be obtained by 
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carrying out a logarithmic conversion and then converting 
the result into integer as shown by formula (10). 

He-INT log-H (10) 

In this case, assuming the bit number of the path-metric 
is X, the bit number after conversion becomes log X bits. 
The simplified comparator 38 does not sort, but forms 
Signals having four higher order candidates out of the eight 
candidates. However, the Signals are not always need to be 
in a sequence of the order of likelihood of metrics. The 
selector A39-1 selects four path-metrics and four survivors 
according to 4 Selection information. 

FIG. 11 shows a detailed construction of one embodiment 
of the simplified comparator 38 of FIG. 10. The simplified 
comparator 38 of FIG. 11 includes path-metric input termi 
nals 41 after conversion, Selection information output ter 
minal 42 and four 2/1 comparators 40. Each 2/1 comparator 
40 receives two path-metrics and an address (used for a 
Selection information) which identify the path-metric, and 
outputs the path-metric in the order of likelihood. There is an 
occasion that an output of a higher order of likelihood from 
the second 2/1 comparators 40-2 has a lower order of 
likelihood than an output of a lower order of likelihood from 
the first 2/1 comparators 40-1. 

In order to detect this, the third 2/1 comparator 40-3 and 
the fourth 2/1 comparator 40-4 are utilized. The lower order 
outputs of the first 2/1 comparator 40-1 and the lower order 
outputs of the Second 2/1 comparator 40-2 are croSS con 
nected. In other words, a higher order of the 2/1 comparator 
40-1 and a lower order of the 2/1 comparator 40-2 are input 
to the 2/1 comparator 40-3, and a higher order of the 2/1 
comparator 40-2 and a lower order of a 2/1 comparator 40-1 
are input to the 2/1 comparator 40-4. Two metrics with 
higher orders among the four path-metrics can be Selected 
by selecting an output of the higher likelihood from the third 
2/1 comparator 40-3 and an output of the higher likelihood 
from the fourth 2/1 comparator 40-4, although the order of 
likelihood for the selected two paths is not decided. The two 
lower order likelihood signal outputs from the third 2/1 
comparator 40-3 and from the fourth 2/1 comparator 40-4 
are illustrated in FIG. 11 and they are explained in FIG. 12. 

FIG. 12 shows a detailed construction of another embodi 
ment of the simplified comparator 38 of FIG. 10. The 
simplified comparator 38 in FIG. 12 expands the simplified 
comparator 38 of FIG. 11. The simplified comparator 38 of 
FIG. 12 includes path-metric input terminals 41 after 
conversion, Selection information output terminals 42 and 
four 4/2 comparators 43. Each 4/2 comparator is equivalent 
to the simplified comparator 38 of FIG. 11. In a similar 
manner for that of the simplified comparator 38 of FIG. 11, 
each 4/2 comparator 43 receives four path-metricS and an 
address (used for a selection information) for identifying the 
four path-metrics, and identifies two metricS having higher 
orders of likelihood and other two metrics having lower 
orders of likelihood and outputs them. 

There is an occasion that outputs of two higher orders of 
likelihood from the second 4/2 comparators 43-2 have lower 
orders of likelihood than outputs of two lower orders of 
likelihood from the first 4/2 comparators 43-1. In order to 
detect this, the third 4/2 comparator 43-3 and the fourth 4/2 
comparator 43-4 are utilized. The lower order outputs of the 
first 4/2 comparator 43-1 and the lower order outputs of the 
Second 4/2 comparator 43-2 are croSS connected. In other 
words, a higher order of the first 4/2 comparator 43-1 and a 
lower order of second 4/2 comparator 43-2 are input to the 
third 4/2 comparator 43-3, and a higher order of second 4/2 
comparator 43-2 and a lower order of the first 4/2 compara 
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tor 43-1 are input to the fourth 4/2 comparator 43-4. Four 
metrics with higher orders among the eight path-metrics can 
be selected by Selecting two outputs of the higher likelihood 
from the third 4/2 comparator 43-3 and two outputs of the 
higher likelihood from the fourth 4/2 comparator 43-4, 
although the order of likelihood for the selected four paths 
is not decided. In this way, assuming U is a natural number, 
a comparator having 2/2 inputs can be designed. 

This simplified comparison/Selection processing does not 
only apply to Viterbi equalization but also it can easily be 
applied to Viterbi decoding. In the comparison/Selection 
processing according to the present invention, a total num 
ber of 2/1 comparators is S and a maximum stage number 
of 2/1 comparators is S. In other words, Since circuit Scale 
increases in proportion to S and delay length increases in 
proportion to S log S, the total number of comparators is 
approximately 1/2, and the delay length is approximately 
1/(Log S--1) in comparison with the conventional circuit. 

FIG. 13 shows characteristics of bit error rate (BER) 
characteristic of six waves each having an equal power 
under Rayleigh fading. In FIG. 6, a relationship between the 
number of survivors S and a memory length of a trellis of the 
Viterbialgorithm is a constant value such as S2'-8, except 
the MLSE in case of V=L. In FIG. 6, “fast” relates the 
present invention “conv' relates the conventional method. 
FIG. 6 illustrates that an expansion of S is effective and the 
characteristic deterioration by the present invention is Small. 

Embodiment 4 

FIG. 14 shows a simplified comparator of a fourth 
embodiment of the present invention. The simplified com 
parator of FIG. 14 corresponds to the simplified comparator 
38 of FIG. 10. The simplified comparator of FIG. 14 
comprises path-metric input terminals 41 after conversion of 
the metric, Selection information output terminals 42, a 
bitonic sequence generator 50, outputs 51 of the bitonic 
sequence generator 50, and four 2/1 comparators 52. The 
bitonic Sequence generator 50 receives eight path-metrics 
inputted from the path-metric input terminals 41 and 
addresses (used as Selection information) for identifying 
these path-metrics. The bitonic Sequence generator 50 then 
outputs an eight-element bitonic sequence {b, b, ... bs 
which consists of eight path-metrics and the address 
Sequence {a, a2, . . . , as for identifying the eight path 
metrics composing the bitonic Sequence. The 2/1 compara 
tor 52 has the same function as that of the 2/1 comparator 40 
of FIG 11. 
The bitonic Sequence generator 50 arranges the eight 

path-metricS inputted from the path-metric input terminals 
41 to generate a bitonic sequence {b, b, ...,bs which or 
whose cyclic shift satisfies the formula (11). 

bisbis. . . sb;2b:12 ... (1sis8) (11) 

At the same time, the bitonic Sequence generator 50 
generates the address sequence {a, a2,..., as correspond 
ing to this bitonic Sequence. The bitonic Sequence generator 
50 then outputs in parallel eight pairs (b,a),(b,a), ..., 
(bs, as), each of which is a combination of each element of 
the bitonic Sequence and an element of the address Sequence 
corresponding to the element of the bitonic Sequence. These 
eight outputs 51 of the bitonic sequence generator 50 are 
respectively inputted into the 2/1 comparator 52 of the next 
Stage. Due to the characteristic of the bitonic Sequence, the 
four high likelihood selection information can be obtained 
by one Stage comparison using four 2/1 comparators. The 
characteristic of the bitonic Sequence is explained in detail 
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in “Sorting networks and their applications” (Proc. AFIPS, 
1968, Spring Joint Comput. Conf., vol. 32, pp. 307-314, 
April-May 1968). 

FIG. 15 shows one example of the internal construction of 
the bitonic Sequence generator 50. The bitonic Sequence 
generator 50 of FIG. 15 includes six 2/1 comparators 60 
(60-1-60-6) and six 2/1 comparators R 61 (61-1-61-6). The 
2/1 comparators 60 have the same function as those of the 
2/1 comparator 52 of FIG. 14. The 2/1 comparators R 61 
have the same function as those of the 2/1 comparators 60, 
except that the order of the output is reversed. The eight 
path-metrics inputted from the path-metric input terminals 
41 are rearranged into two bitonic Sequences each having 
four elements by the 2/1 comparators 60-1 and 60-2, and the 
2/1 comparators R 61-1 and R 61-2 in the first stage. One of 
the bitonic Sequences having four elements comprises the 
output from the 2/1 comparators 60-1 and the output from 
the 2/1 comparators R 61-1. The other bitonic sequence 
having four elements comprises the output from the 2/1 
comparators 60-2 and the output from the 2/1 comparators 
R 61-2. The two bitonic Sequences having four elements are 
Sorted respectively in the ascending order and in the 
descending order and are merged into a bitonic Sequence 
having eight elements by the 2/1 comparators and the 2/1 
comparators R in the Second and the third Stages. Generally, 
when U is a natural number, larger bitonic Sequences can be 
generated by repeating the Sort and the merge. Finally, the 
bitonic sequences having 2 elements can be made. 

The Simplified comparator for Selecting four elements 
from eight elements is explained above. Similarly, when U 
is a natural number, the Simplified comparator for Selecting 
2' elements from 2 elements can be easily constructed. 
When q is a natural number, even if the modulation System 
having the modulation index is Q=2' is used, the simplified 
comparator for selecting 2 elements from 2'" ele 
ments can be easily constructed. 

This processing of the Simplified comparator applied not 
only to the Viterbi equalization, but also easily to the Viterbi 
decoding. In the compare-Select operation from 2S to S 
according to the present invention, the Sum of the 2/1 
comparator increases due to increase of S as follows. 

S (log2S) +logS+ 2 (12) 
2 

The maximum number of Steps of the 2/1 comparators is 
obtained as follows. 

(log2S) +logS + 2 (13) 
2 

In the other word, the Scale of the circuit is in proportion 
to S(log2S) and the delay increases in proportion to (log2S) 
°. Therefore, compared with the third embodiment, the 
invention of the fourth embodiment is more advantageous 
when S increases. The characteristic of the bit error rate 
characteristic is the same as the characteristic of the third 
embodiment shown as “fast' in FIG. 13. 

The invention being thus described, it will be obvious that 
the same may be varied in many ways. Such variations are 
not to be regarded as a departure from the Spirit and Scope 
of the invention, and all Such modifications as would be 
obvious to one skilled in the art are intended to be included 
within the Scope of the following claims. 
What is claimed is: 
1. A sequence estimation method for estimating a trans 

mitted Signal Sequence transmitted from a transmission side 
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18 
based on a characteristic of a received signal and a channel 
using a list output Viterbi algorithm to decide one or a 
plurality of Survivors for each state of a Viterbialgorithm 
including one or more States, the method comprising: 

a first metric calculation Step for calculating a metric 
using the received Signal and its estimated value; 

a Second metric calculation Step for calculating a metric 
using a filtering result obtained via a matching filter; 
and 

a metric combining Step for weighted-Summing metrics 
calculated by the first and the Second metric calculation 
Steps based on a characteristic of the channel. 

2. The Sequence estimation method of claim 1, wherein 
the first metric calculation Step calculates a Square metric 
and the Second metric calculation Step calculates a modified 
metric. 

3. A sequence estimation method for estimating a trans 
mitted Signal Sequence transmitted from a transmission side 
based on a characteristic of a received signal and a channel 
using a list output Viterbi algorithm to decide one or a 
plurality of Survivors for each state of a Viterbialgorithm 
including one or more States, the method comprising: 

a first metric calculation Step for calculating a metric 
using the received Signal and its estimated value; 

a Second metric calculation Step for calculating a metric 
using a filtering result obtained via a matching filter, 
and 

a metric Selection Step for Selecting a metric calculated by 
the first and the Second metric calculation StepS based 
on a characteristic of the channel. 

4. The Sequence estimation method of claim 3, wherein 
the first metric calculation Step calculates a Square metric 
and the Second metric calculation Step calculates a modified 
metric. 

5. The sequence estimation method of claim 3, wherein 
the metric Selection Step estimates a characteristic of the 
channel by an impulse response of the channel, calculates 
and compares a residual interSymbol interference power and 
a residual correlation power, and Selects a metric calculated 
by the Second metric calculation Step if the residual 
interSymbol interference power is higher, and Selects a 
metric Selected by the first metric calculation Step if the 
residual correlation power is higher. 

6. A sequence estimation method for estimating a trans 
mitted Signal Sequence transmitted from a transmission side 
based on a characteristic of a received signal and a channel 
using a list output Viterbi algorithm to decide one or a 
plurality of Survivors for each state of a Viterbialgorithm 
including one or more States, the method comprising: 

a Selection processing Step for Selecting higher order S 
Survivors instead of Sorting in the order of metricS and 
decreasing the number of bits of a metric by conversion 
upon Selecting SSurvivors according to a metric value. 

7. A sequence estimation method for estimating a trans 
mitted Signal Sequence transmitted from a transmission side 
based on a characteristic of a received signal and a channel 
using a list output Viterbi algorithm to decide one or a 
plurality of Survivors for each state of a Viterbialgorithm 
including one or more States, the method comprising: 

a first comparison step for dividing 2" (U is an integer 
larger than 2) of inputs into higher 2° and lower 2° 
according to a predetermined Selection order and out 
puts the higher Selection output; 

a second comparison steps for dividing 2'' (U is an 
integer larger than 2) of inputs into higher 2 and 
lower 2° according to a predetermined selection 
order and outputs the lower Selection output; 
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a third comparison Step for receiving the higher Selection 
output of the first comparison Step and the lower 
Selection output of the Second comparison Step, and 
dividing 2 of inputs into higher 2° and lower 2° 
according to the Selection order and output a higher 
Selection output and a lower Selection output; and 

a fourth comparison Step for receiving the lower Selection 
output of the first comparison Step and the higher 
Selection output of the Second comparison Step, and 
dividing 2 of inputs into higher 2° and lower 2° 
according to the Selection order and outputs a higher 
Selection output and a lower Selection output, 

wherein the method compares 2 input information of 
Survivors and/or of path-metrics in the first and the 
Second comparison steps as 2 first input information 
and 2' second input information, respectively, and 
selects 2'' survivors and/or 2 of path-metrics from 
the third and the fourth comparison Steps, respectively, 
as a higher order Selection outputs according to a 
predetermined Selection order. 

8. A sequence estimation apparatus for estimating a trans 
mitted Signal Sequence transmitted from a transmission side 
based on a characteristic of a received signal and a channel 
using a list output Viterbi algorithm to decide one or a 
plurality of Survivors for each state of a Viterbialgorithm 
including one or more States, the apparatus comprising: 

a first metric calculator for calculating a metric using the 
received signal and its estimated value; 

a Second metric calculator for calculating a metric using 
a filtering result obtained via a matching filter, and 

a metric combinor for weighted-Summing metrics calcu 
lated by the first and the Second metric calculators 
based on a characteristic of the channel. 

9. The Sequence estimation apparatus of claim 8, wherein 
the first metric calculator calculates a Square metric and the 
Second metric calculator calculates a modified metric. 

10. A sequence estimation apparatus for estimating a 
transmitted Signal Sequence transmitted from a transmission 
Side based on a characteristic of a received signal and a 
channel using a list output Viterbialgorithm to decide one or 
a plurality of Survivors for each state of a Viterbialgorithm 
including one or more States, the apparatus comprising: 

a first metric calculator for calculating a metric using the 
received signal and its estimated value; 

a Second metric calculator for calculating a metric using 
a filtering result obtained via a matching filter, and 

a metric Selector for Selecting a metric calculated by the 
first and the Second metric calculator based on a 
characteristic of the channel. 

11. The Sequence estimation apparatus of claim 10, 
wherein the first metric calculator calculates a Square metric 
and the Second metric calculator calculates a modified 
metric. 

12. The Sequence estimation apparatus of claim 10, the 
metric Selector comprising: 

a residual interSymbol interference power calculator for 
calculating a residual interSymbol interference power; 
and 

a residual correlation power calculator for calculating a 
residual correlation power; 

wherein the metric Selector estimates a characteristic of 
the channel by an impulse response of the channel, and 
Selects a metric calculated by the Second metric calcu 
lator if the residual intersymbol interference power is 
higher, and Selects a metric Selected by the first metric 
calculator if the residual correlation power is higher. 

1O 

15 

25 

35 

40 

45 

50 

55 

60 

65 

20 
13. A sequence estimation apparatus for estimating a 

transmitted Signal Sequence transmitted from a transmission 
Side based on a characteristic of a received signal and a 
channel using a list output Viterbialgorithm to decide one or 
a plurality of Survivors for each state of a Viterbialgorithm 
including one or more States, the apparatus comprising: 

a Selection processor for Selecting SSurvivors by a metric 
value includes a Selector for Selecting higher order S 
Survivors instead of Sorting in order of metricS and a bit 
number convertor for decreasing the number of bits of 
a metric by conversion. 

14. A sequence estimation apparatus for estimating a 
transmitted Signal Sequence transmitted from a transmission 
Side based on a characteristic of a received signal and a 
channel using a list output Viterbialgorithm to decide one or 
a plurality of Survivors for each state of a Viterbialgorithm 
including one or more States, the apparatus comprising: 

a first comparator for dividing 2'' (U is an integer larger 
than 2) of inputs into higher 2° and lower 2° 
according to a predetermined Selection order and out 
puts the higher Selection output; 

a second comparator for dividing 2'' (U is an integer 
larger than 2) of inputs into higher 2° and lower 2° 
according to a predetermined Selection order and out 
puts the lower Selection output; 

a third comparator for receiving the higher Selection 
output of the first comparator and the lower Selection 
output of the second comparator, and dividing 2 of 
inputs into higher 2° and lower 2° according to the 
Selection order and output a higher Selection output and 
a lower Selection output, and 

a fourth comparator for receiving the lower Selection 
output of the first comparator and the higher Selection 
output of the second comparator, and dividing 2 of 
inputs into higher 2° and lower 2° according to the 
Selection order and outputs a higher Selection output 
and a lower Selection output, 

wherein the apparatus compares 2 input information of 
Survivors and/or of path-metrics in the first and the 
Second comparator as 2'' first input information and 
2' second input information, respectively, and 
selects 2'' survivors and/or 2 of path-metrics from 
the third and the fourth comparator, respectively, as a 
higher order Selection outputs according to a predeter 
mined Selection order. 

15. The Sequence estimation method comprising: 
estimating a transmitted Signal Sequence transmitted from 

a transmission side based on a characteristic of a 
received signal and a channel using a Viterbialgorithm, 
wherein the Viterbialgorithm is a list output Viterbi 
algorithm that decides one or a plurality of Survivors 
for each State of the Viterbialgorithm including one or 
more States, 

a plurality of metric calculation Steps performed on the 
received signal and the channel; 

determining a branch metric based on the received signal, 
a channel characteristic, and a branch Selection Signal; 
and 

generating a branch metric output signal, 
wherein determining the branch Selection metric is based 

on one of a Square metric and a modified metric 
according to the branch Selection Signal. 

16. The sequence estimation method of claim 15, wherein 
the modified metric is selected if a residual ISI power is 
larger than a residual correlation power and wherein the 
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Square metric is Selected if the residual correlation power is 
larger than the residual ISI power. 

17. The Sequence estimation method comprising: 
estimating a transmitted Signal Sequence transmitted from 

a transmission side based on a characteristic of a 
received signal and a channel using a Viterbialgorithm, 
wherein the Viterbialgorithm is a list output Viterbi 
algorithm that decides one or a plurality of Survivors 
for each State of the Viterbialgorithm including one or 
more States, 

a plurality of metric calculation Steps performed on the 
received signal and the channel; 

determining a branch metric based on the received Signal, 
a channel characteristic, and a branch Selection Signal; 
and 

5 
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generating a branch metric output signal, 
wherein the branch Selection Signal is determined by: 

receiving the channel characteristic, 
calculating a residual ISI power; 
calculating a residual correlation power; and 
comparing the residual ISI power and the residual 

correlation power to determine the branch Selection 
Signal. 

18. The sequence estimation method of claim 17, wherein 
the Selection Signal is a signal for Selecting a modified metric 
if the residual ISI power is larger and wherein the selection 
Signal is a signal for Selecting a Square metric if the residual 
correlation power is larger. 

k k k k k 


